The Graphium (Pazala) mandarinus group was recently defined and the status of taxa as well as the number of species was revised. We report here the discovery of a new species from Kon Tum plateau of the Truong Son (Annamite) Range of Central Vietnam, which we describe based on morphological and molecular evidence. Molecular phylogeny shows that the new taxon, G. (P.) wenlingae Hu, Cotton & Monastyrskii sp. nov., is sister to G. (P.) daiyuanae Hu, Zhang & Cotton, 2018 plus G. (P.) confucius Hu, Duan & Cotton, 2018. Molecular dating analysis further suggests that this new species diverged from its sister clade in the Pliocene (~3.5 million years ago). The new taxon constitutes the eighth and southernmost species of the mandarinus group.
Introduction
The Graphium (Pazala) mandarinus group was defined by Hu et al. (2018) with the discovery of five cryptic species among the two originally recognised species (Racheli & Cotton 2009 ). The main distinguishing character of the mandarinus group is the two discal black bands on the hindwing underside twisted into an "8"-shaped pattern, resembling a pair of glasses in appearance (Hu et al. 2018) .
Shortly after the publication of the mandarinus group work (Hu et al. 2018 ) the authors of the present study received three specimens of Pazala swallowtails from two localities of Central Vietnam. Two specimens caught in 1998 were found in the collection of the Vietnam Forest Museum (VFM), Hanoi, bringing the total known number of specimens to 3♂♂ and 2♀♀. The external appearances of these specimens are similar to G. (P.) daiyuanae Hu, Zhang & Cotton, 2018 , while several characters exhibit stable differences. After a careful examination of both external morphological characters and structure of male and female genitalia, along with analyses of molecular phylogeny and genetic distances, the specimens from Central Vietnam are believed to be a distinct species and are described herein.
Materials and methods
Taxon sampling. Five specimens of the new taxon collected from Central Vietnam were examined in the present study. All samples were used for morphological comparison, while only three freshly collected samples, from 2017 and 2018, were used for molecular analyses. Specimens listed in Appendix 1 of Hu et al. (2018) and their DNA data are also integrated in this study.
Morphological comparison. Specimens were spread for examination, with the scent scales on their hindwings exposed.
Spread specimens were photographed using a Fujifilm S8600 digital camera (Fujifilm, Japan) with medium grey background. Photos were adjusted using Adobe Photoshop CS (Adobe, USA). Diagnostic characters of the new taxa were also denoted using Adobe Photoshop CS. For comparison between taxa, the lengths of forewing were measured to 0.5 mm precision. Average lengths and the standard deviations were also calculated when n ≥ 3.
To observe the male and female genitalia, the abdomen was taken from the specimen and placed into a 1.5 mL microcentrifuge tube, and 1 mL water was added to the abdomen to rehydrate the tissue at 50 °C for 30 min, then 1 mL 10% sodium hydroxide solution was used to digest soft tissue at 70 °C for 1 h. The treated abdomen was neutralised with 2% acetic acid and then dissected in a water-filled Petri dish under the stereoscope to remove residual tissues, scales, and hair. The genitalia were then transferred to 80% glycerol for 12 h to render them transparent. Photographs were taken with a Nikon DMX1200 digital camera (Nikon, Japan) mounted on a Nikon SMZ1500 stereoscope (Nikon, Japan) and automatically stacked using Helicon Focus 3.2 (Helicon Software, USA). The distance between socii of male genitalia is a useful morphometric character helpful to distinguish species (Koiwaya 1993) ; therefore this distance was measured to 0.2 mm precision for all dissected male genitalia. After observation and photography, all parts of the genitalia were fixed on a glue card and pinned with the specimen.
Terminology of genitalia follows Hu et al. (2018) and wing venation is as per Smith & Vane-Wright (2001) . Molecular work. For the three fresh specimens, one or two legs (except forelegs) on the same side were extracted, homogenised in protease buffer containing 100 µL STE (10 mmol/L Tris-HCl, 1 mmol/L EDTA, 100 mmol/L NaCl, pH = 8.0) and 2 µL Proteinase K (20 mg/mL) (O'Neill et al. 1992) . Homogenised samples were treated at 37 °C incubation for 15 min to rehydrate the tissue and then at 95 °C incubation for 10 min to lyse the tissue. The supernatant was recovered through centrifugation at 6,000g and used directly as DNA template in polymerase chain reactions (PCR).
The PCR reaction was executed in a 25 µL system by using TaKaRa Ex Taq Kit (TaKaRa Biotechnology Co., Ltd., Dalian, China) that contained 2.5 µL of 10× PCR buffer, 2.0 µL of MgCl 2 (25 mmol/L), 2.0 µL of dNTP mixture (2.5 mmol/L each), 0.25 µL of Taq DNA polymerase (5 U/µL), and 0.5 µL of each of forward and reverse primers (20 µmol/L). We sequenced the mitochondrial barcode COI (cytochrome c oxidase subunit I, cox1) with the following primers LCO1490 (5'-GGT CAA CAA ATC ATA AAG ATA TTG G-3') and HCO2198 (5'-TAA ACT TCA GGG TGA CCA AAA AAT CA-3') (Folmer et al. 1994) . The thermal profile of PCR consisted of an initial denaturation at 95 °C for 3 min; 30 cycles of denaturation at 94 °C for 1 min, annealing at 50 °C for 1 min, and elongation at 72 °C for 1 min; then a final elongation at 72 °C for 5 min. Sequences were obtained by using an ABI Prism 3730 sequencer (Applied Biosystems, California, USA).
Phylogenetic analyses. Raw sequences were proofread and aligned using Clustal W (Thompson et al. 1994 ) in BioEdit 7.0.9 (Hall 1999) , and any sequence containing double peaks in the chromatograms was strictly excluded. The product sequences were checked by BLAST against the genomic references and nucleotide collection in NCBI. Amino acid translation was realised with the invertebrate mitochondrial criterion in MEGA 6.0 (Tamura et al. 2013) to detect possible Numts (nuclear copies of mtDNA fragments). A search for nonsynonymous mutations, in-frame stop codons, and indels was carried out to further minimise the existence of cryptic Numts (Song et al. 2008; Bertheau et al. 2011) . Sequences used in the present study, including those derived from Hu et al. (2018) , were listed in Table 1 .
The phylogeny was reconstructed using the Bayesian Inference (BI) method as implemented in MrBayes 3.2.6 , with the most appropriate partition scheme recovered by PartitionFinder 2.1.1 (Lanfear et al. 2017) using the unlinked branch lengths and the greedy algorithm. We used the partitioning scheme and amongsite rate variation suggested by PartitionFinder but instead of selecting one substitution model a priori, we used reversible-jump Markov Chain Monte Carlo (rj-MCMC) to allow sampling across the entire substitution rate model space (Huelsenbeck et al. 2004) . BI analyses consisted of three independent runs, each with eight rj-MCMC running for 10 million generations (sampled every 1000 th generation) to calculate the clade posterior probabilities (PP).
Maximum likelihood analyses were also carried out using IQ-TREE 1.6.8 (Nguyen et al. 2015) . The dataset was partitioned as determined by PartitionFinder. The corresponding substitution models were searched using the Auto function on the IQ-TREE based on the corrected Akaike information criterion. We performed 1000 ultrafast bootstrap replicates (Minh et al. 2013) to investigate nodal support across the topology considering bootstrap values (BV) ≥ 95 as strongly supported.
As in Hu et al. (2018) , we used an individual of Iphiclides podalirius (Linnaeus, 1758) and of Lamproptera meges (Zinken, 1831), because we found that tree topology and node support were improved when using outgroup species that branched before Pazala. We reconstructed the phylogeny for a dataset containing the currently recognised species of Pazala (sensu Hu et al. 2018) in an attempt to obtain an overall phylogenetic framework for the subgenus and to produce phylogenetic relationships among the focal taxon in the present study (G. wenlingae sp. nov.). Phyletic properties of each taxon in the mandarinus group were assessed using an online tool, Monophylizer (Mutanen et al. 2016 ; http://monophylizer.naturalis.nl/). Taxa identified as monophyletic were treated as good species or subspecies, while those identified as paraphyletic (the terms 'entangled' and 'tanglees' described by Mutanen et al. 2016 were adopted to refer to such taxa in this study) were further analysed using morphological characters and geographical ranges.
Molecular dating. To estimate divergence times and infer their 95% credibility intervals (CI), we performed Bayesian relaxed-clock analyses using MrBayes. For these analyses, we relied on the partitioning scheme and all the MrBayes settings as determined above. Dating analyses were realized with three independent runs for 20 million generations with sampling tree every 2,000 generations. We used the autocorrelated clock model of Thorne & Kishino (2002, noted TK02 in MrBayes) for two reasons. First, the autocorrelated model is more appropriate for our dataset because the rate along a given branch is more similar to its parent branch than a branch chosen at random, though autocorrelation models differ in the degree to which they restrict rate variation between parent and daughter branches (Thorne et al. 1998; Thorne & Kishino 2002) . Second, Lepage et al. (2007) and Rehm et al. (2011) showed that the autocorrelated clock model generally offers the best fit, as compared to the uncorrelated model and a strict molecular clock model.
Calibration priors are based on the time-calibrated tree of Papilionidae (Condamine et al. 2012) . We set four secondary calibrations using a (conservative) uniform prior with bounded by the minimum and maximum ages of the 95% CI of the divergence times (a normal prior is not recommended, Schenk 2016). We could not use fossils in this study because the three fossils do not belong to the subfamily Papilioninae (Condamine et al. 2012) . We calibrated the following nodes: (i) the root of the tree (crown of Leptocircini) set between 27.6 and 43.4 Ma; (ii) the crown between Iphiclides and Lamproptera set between 20.8 and 35.5 Ma; (iii) the crown of the genus Graphium set between 21.2 and 35.7 Ma; and (iv) the crown of the subgenus Graphium set between 14.4 and 29.7 Ma.
For all Bayesian runs (phylogenies and dating), convergence was ensured by checking average deviation of split frequencies (ADSF), potential scale reduction factor (PSRF) values, effective sample size (ESS) of all parameters, and by plotting log-likelihood of samples against number of generations in Tracer 1.6. To reach good convergence, the runs must have values of ADSF approaching zero, PSRF close to 1.00 and ESS above 200. Bayesian consensus trees were obtained using the 25% burn-in criterion , and the remaining samples were used to generate a 50% majority rule consensus tree.
All phylogenetic and dating analyses were performed on the computer cluster CIPRES Science Gateway (Miller et al. 2015) , using BEAGLE ) with default parameters.
Results
Molecular analyses. We obtained 658 base pairs of the mitochondrial gene COI for three specimens of G. wenlingae sp. nov., which were added to the data available for the mandarinus group (Hu et al. 2018 ). The partitioning analyses indicated that the COI gene should be divided into three partitions corresponding to each codon position. PartitionFinder further suggested that GTR model with invariable site and Gamma distribution should be applied, but we used the reversible-jump MCMC to explore a broader range of substitution models during the analyses. The Bayesian analyses showed that the new taxon, G. (P.) wenlingae sp. nov., is sister to G. (P.) daiyuanae + G. (P.) confucius (Figure 1 ). Topology and monophyly of other clades of the updated Bayesian tree of the mandarinus group remains the same as that reported by Hu et al. (2018) , except G. (P.) mandarinus stilwelli was entangled with both G. (P.) mandarinus fangana and G. (P.) mandarinus mandarinus ( Figure 1 ; Table 2 ).
The Bayesian molecular dating analysis estimated very similar divergence times as those reported in Hu et al. (2018) . The entire mandarinus group split from its ancestor at 17.94 Ma (95% CI: 11.21-25.1 Ma) ( Figure 2 Kimura 2-parameter (K2P) genetic distance (Table 3 ) computed between G. (P.) wenlingae sp. nov. and G. (P.) daiyuanae was 2.38%, and that between G. (P.) wenlingae sp. nov. and G. (P.) confucius was 2.24%, both greater than the K2P distance between G. (P.) daiyuanae and G. (P.) confucius (1.71%). The K2P distances between G. (P.) wenlingae sp. nov. and other morphologically similar taxa, namely G. (P.) mandarinus kimurai, G. (P.) mandarinus fangana, and G. (P.) mandarinus stilwelli, all exceeded 3%. It is also noticeable that the K2P distance between G. (P.) wenlingae sp. nov. and G. (P.) sichuanica was greater than that between G. (P.) wenlingae sp. nov. and G. (P.) hoeneanus. Description: Male: Forewing length: 29.5-32.0 mm (mean = 31.2 ± 1.44 mm, n = 3). Forewing triangulate, broad, apex not produced, termen slightly concave in the medium portion. Forewing upperside: white, the upper and outer 1/3 (mostly the discocellular, the subterminal, and the terminal areas) hyaline and glossy; 10 black bands lined from the humeral to the termen, among which the 1 st to the 6 th almost run parallel; the 1 st and the 2 nd bands reach the tornal margin, the 3 rd to the 5 th bands extend beyond the discal cell and abut up the base of veins CuA 2 , CuA 1 , and M 3 , the 6 th band at the end of cell, often connected with the 5 th band by a transverse black fine line, the 7 th band joins the 8 th band just at vein M 2 , extends to the tornus and joins the 9 th band at vein CuA 2 or just below it in cell CuA 2 , the 9 th band curved inward in cell R 4 , the 10 th band independent, extending from the apex to vein CuA 2 or just below it in cell CuA 2 ; the veins CuA 1 to R 4+5 are black after meeting the 6 th and 7 th bands and then divide the whitishhyaline areas between the 6 th to 10 th bands into spots. Forewing underside: colour and markings as upperside, but the hyaline areas are glossier. Hindwing narrow triangulate in general, costa very oblique, vein M 3 extends into a sword-like tail, termen slightly dented at the end of veins, the end of cells CuA 1 to M 1 scalloped. Hindwing upperside: white with long white hair covering the inner 1/3; tornal margin without any black, a large brown androconial patch near the humeral, a black sub-basal band extends from the costal along the lower cellular vein and ends at the base of vein CuA 2 , while the remaining bands visible from underside, two obliquely neighbouring yellow tornal spots encircled by black lines, with a small greyish blue spot below; the discal bands completely absent but visible from the underside; the submarginal black band coupled and interrupted by veins M 1 and Rs, reaching cell R 5 or M 1 , with the inner bands fainter; the terminal band single, also interrupted by veins M 1 and Rs, reaching cell R 5 or R 1 ; all black bands, except the sub-basal one, join in the black area at the end of cells CuA 1 to M 2 , with a greyish-blue lunule in each cell; tail black with white tip. Hindwing underside: colour and markings similar to upperside but with a pale yellow hue, all black bands and markings better defined, especially the basal, sub-basal, and discal bands, two discal black lines twisting into an "8"-shaped pattern, with both rings white or just a rather faint yellow tinge in the upper ring, the edge of the lower ring extends along veins CuA 1 to M 1 ; a square creamy white spot above each greyish-blue lunule in the tornal area, the yellow spots at the tornus reduced and crowned by fine white lines. Female: Only two females were available. Forewing lengths of both specimens 34.0 mm. General appearance similar to male but larger and even paler. The 4 th black band on the forewing not reduced.
Male genitalia (Figure 4) : Two males were dissected, and found to be largely similar except for variation in the teeth of the medial harpe. Moderately sclerotised. Ring wavy in the upper half; saccus small; distance between the base of socii 0.40 mm (n = 2). Valve oval in general, the dorsal terminal harpe with mostly straight edge and elongated acute tip; the edge of dorsal subterminal harpe almost touching the base of the tip of the dorsal terminal harpe; the medial harpe mostly straight, the dorsal projection bayonet-shaped with indented tip; a variable number of small teeth (1-2) occur in the middle of the medial harpe. Figure 6 ), but can be distinguished by careful examination of the following characters: 1) size smaller than daiyuanae and mandarinus stilwelli, similar to that of mandarinus kimurai and mandarinus fangana; 2) forewing termen not oblique outwardly from apex to tornus as in daiyuanae and female mandarinus kimurai and mandarinus fangana (a); 3) upperside hindwing rather paler, the basal, lower half of sub-basal, and discal bands completely absent in both sexes (while commonly present in other taxa) (b); 4) both rings of the discal bands on the hindwing underside mostly white, except a very thin line of creamy yellow in the upper ring (c) (the upper ring typically yellow in other taxa); 5) the interspaces between coupled submarginal bands at cells M 3 and M 2 more irrigated with whitish scales than in other taxa (d). In male genitalia, the tip of dorsal terminal harpe acute and elongated (short in mandarinus and daiyuanae), dorsal subterminal harpe large, joining dorsal terminal harpe and forming a triangle, dorsal projection bayonetshaped (Figure 4) , distance between the base of socii 0.40 mm. In female genitalia the ostial lobe forming a large up-curving spur in lateral view, the posterior margin deeply concave with a pair of acute spurs in ventral view ( Figure 5 ). The holotype and one paratype were deposited in Kunming Institute of Zoology (KIZ), Chinese Academy of Sciences (Li et al. 2015) . Distribution: The new species is currently known only from Kon Tum plateau of Truong Son (Annamite) Range in C. Vietnam (Quang Nam and Kon Tum Provinces). We can also expect to discover this species in adjacent Gia Lai Province (e.g. Kon Ka Kinh National Park) and in Lam Dong Province (e.g. Bi Doup Nui Ba and Chu Yang Sin National Parks).
Phenology: Likely univoltine. All specimens in this study were collected in April.
Host plant: Unknown, presumably a plant species belonging to family Lauraceae representatives of which (e.g. genera Neolitsea, Machilus, Cinnamomum, and Persea) are host plants of such relatives as Graphium (Pazala) eurous and G. (P.) mullah (Igarashi & Fukuda 2000) .
Derivatio nominis: The specific name of this elusive new taxon was dedicated to Dr. Wen-Ling Wang, a very close friend of the first author. The species name is to be treated as a noun in apposition. 
Discussion
The discovery of G. (P.) wenlingae sp. nov. increases the total number of members of the mandarinus group to eight species. Three of them are distributed in northern and central parts of Vietnam (Figure 7) ; however, the current work is not the first publication to record their distribution in the country. Monastyrskii & Devyatkin (2015) had already collated records of Graphium mandarinus (Oberthür, 1879) from N. Vietnam (Lao Cai and Ha Giang Provinces) and C. Vietnam (Kon Tum Province). Based on our previous work (Hu et al., 2018) (Monastyrskii & Holloway 2013) . For Pazala, a complex group, the species/ subspecies richness, geographic distribution and endemism in this area would be intriguing topics to study further. This area represents a new range extension for this once-believed Palaearctic subgenus of Graphium. Answering these aspects would greatly complement our understanding of Pazala, and eventually benefit the modern taxonomy of Graphium, as recommended by Smith (2005) . Currently G. (P.) wenlingae sp. nov. is only known from the restricted area of the Kon Tum plateau in the central part of the Truong Son Range. This is isolated by a central section of relatively low hills from the mountains of northern Truong Son. The gap between the ranges of G. (P.) wenlingae sp. nov. and both G. (P.) daiyuanae and G.
(P.) confucius, where no taxa in the mandarinus group have yet been recorded, is about 950 km. There may potentially be habitat for one or more of these mandarinus group species in this region.
The Truong Son Range consists of very old mountains formed in the Paleozoic and Mesozoic epochs (Averyanov et al. 2003) , long before the mid Pliocene to early Pleistocene when the divergence of G. (P.) wenlingae sp. nov. occurred, according to our molecular dating analysis (Figure 2 ). During this period, with the climate cooling down in an oscillating pattern (Zachos et al. 2001 ) and eventually reaching the last glacial maximum (LGM) globally, the low-altitude river valleys gradually played the role of refugial shelters for animals in the cold periods of climate oscillation (Stewart & Lister 2001; Keppel et al. 2012) . After each cold period, with the increase in temperature when the climate entered the next warm period, plausibly many species would have again retreated to higher altitudes into cooler habitats. Such cyclical repeated movements driven by climate oscillation are widely accepted as a vicariance driver in Indochina, especially along the Truong Son Range (Woodruff 2010; Kong et al. 2017) . Our molecular dating analysis showed that G. (P.) wenlingae sp. nov. split before G. (P.) daiyuanae + G. (P.) confucius, which can probably be attributed to the quicker warming up in the southern part of Vietnam compared to the North in each oscillating cycle.
A similar hypothesis may also be applied to the G. (P.) sichuanica + G. (P.) hoeneanus clade and the entire G. (P.) mandarinus clade, which occupies the eastern margin of the Hengduan Mountains to various hills in S. to S.E. China, and the southern margin of the Hengduan Mountains to the Shan Highlands (Figure 7) , where climate oscillation in the Pliocene to Pleistocene also prevailed (Zachos et al. 2001) . The trichotomy in our molecular dating analysis, the low support values for those nodes, as well as very similar external and genitalic morphology all suggested a fast divergence between lineages. 
